Monolithic twin-ridge laterally coupled diode lasers emitting at 1.3 mm are presented that have a small-signal modulation bandwidth beyond the relaxation oscillation frequency of a single ridge. Spectra and spectrally resolved far fields are presented for three bias conditions: only one ridge lasing, both ridges lasing just above threshold, and both ridges lasing at biases well above threshold. In the first two cases the spectrum has single-peaked longitudinal modes, whereas the third cases shows splitting to in-phase and out-of-phase modes. The splitting frequency of the optical spectrum is measured to be 7.7 GHz. Small-signal modulation measurements reveal a strong resonance at 7.7 GHz, demonstrating an effect of lateral mode locking. As a result of this effect, the twin-ridge laser can be made to have a 23-dB bandwidth beyond that associated with its relaxation oscillation frequency.
Semiconductor lasers are widely used in high-speed telecommunications, as they can be modulated at multigigahertz rates. However, a standard single-cavity semiconductor laser biased at a particular current has an intrinsic speed limitation associated with the relaxation oscillation frequency. 1 Much research involving multisection or mode-locked lasers has been done to increase this frequency. 2, 3 Another approach to increasing the frequency response is to utilize a higher-frequency component that is introduced through the coupling of two laser cavities placed in close lateral proximity. 4 -6 Limited previous experimental work on these devices tended to focus on the spatiotemporal properties 7, 8 or phase-locking times 9 of ϳ850-nm emitters, but the modulation response has not been experimentally investigated.
In this Letter we present experimental data from a monolithic twin-ridge laterally coupled laser emitting at 1.33 mm, showing a mode-locking resonance at 7.7 GHz. First we show the optical spectrum and the spectrally resolved far field, which prove that significant optical coupling is occurring in this sample. After this we present the modulation results to show that the observed peak in modulation is directly related to the lateral-coupling resonance frequency and not to the relaxation oscillation frequency. For a range of bias conditions, a 23-dB bandwidth of 7.5 GHz is achieved, beyond that associated with the relaxation oscillation frequency for this sample.
Devices have been fabricated that consist of five AlGaInAs͞InP quantum wells emitting at approximately 1.33 mm.
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Current can be injected independently into twin ridges, each of which has a geometry of 510-mm ridge length, 3.6-mm ridge width, and 2.76-mm ridge separation.
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The threshold for each independently biased ridge is 35 mA. When one ridge is biased at 20 mA, well below threshold, and the other is biased at 40 mA, the lasing spectrum is as shown in Fig. 1(a) . The peaks are due to longitudinal modes and have a separation of 0.50 nm. The spectrum that results when both ridges are biased just above threshold is shown in Fig. 1(b) . Even though both ridges are lasing, there is only one set of longitudinal-mode peaks, indicating that both ridges are lasing at the same wavelengths. This was confirmed by spectrally resolved near-f ield measurements. At higher biases, for example, at 40 mA in each ridge, the single peaks in the spectrum split into double peaks that have a frequency separation of 7.7 GHz. To determine whether this is due simply to each ridge's lasing at a different set of wavelengths or is true splitting due to lateral-mode coupling, we obtained a set of spectrally resolved far fields. If there is no coupling, the far f ields for each wavelength will be single lobed, whereas if the splitting is due to coupling the short-wavelength peak should have a double-lobed far f ield and the long-wavelength peak should have a narrow single-lobed far f ield. 11, 12 These far-f ield patterns correspond to out-of-phase and in-phase coupling, respectively. The spectrally resolved far-f ield setup is shown in Fig. 2 , and the results are shown in Fig. 3 . It can clearly be seen that, at low bias, where I 1 20 mA and I 2 40 mA, only a single lobe is present [ Fig. 3(a) ]. This is because only one ridge is lasing, and so one should get a diffraction-limited single lobe in the far field. At biases just above threshold, where I 1 37 mA and I 2 40 mA, there is predominantly one wavelength peak, but this peak represents lasing in the out-of-phase mode [ Fig. 3(b) ]. This result shows that there is coupling between the ridges. At this bias level, the out-of-phase mode is chosen in preference to the in-phase mode because of the different overlaps between the lateral optical fields and the lateral gain prof ile. It is easily shown that the in-phase mode has a higher field intensity between the ridges than does the out-of-phase mode, but, when the device is biased close to threshold, there is absorption between the ridges that is due to the low carrier density. Therefore the loss between ridges affects the in-phase mode more than the out-of-phase mode. At higher biases, I 1 40 mA and I 2 40 mA, the far fields show both in-phase and out-of-phase coupling. At this bias level the in-phase mode has achieved enough gain to overcome any remaining absorption between ridges. The splitting in wavelength in this case is 0.045 nm, corresponding to a frequency of 7.7 GHz. It has been predicted that lateral coupling between two laser cavities will have a strong effect on the modulation response of the laser. 4 According to this simple theory, there should be a resonance in the modulation response at the optical splitting frequency. The modulation measurement was performed with a Hewlett-Packard 8720ES network analyzer. We dc biased each ridge independently to vary the operating condition. A 0-dBm signal was applied via a bias tee to only one ridge of the twin-ridge laser. The light output from this ridge was collected via a 103 collimating objective and a 403 focusing objective into a single-mode fiber, which was in turn connected to a 25-GHz New Focus photodiode. The output of the photodiode was then fed back to the network analyzer, which measured the small-signal response by measuring S 21 of this system at frequencies of 100 MHz to 20 GHz. We calibrated the measurement to take into account the frequency responses of the cables and connectors. Some typical response curves are shown in Fig. 4 . When only one ridge is lasing, the response has a typical two-pole behavior, with a peak that goes to higher frequency with current, and a roll-off of 40 dB͞decade. As the bias current in a single ridge is increased from 40 to 45 to 50 mA, the 23-dB bandwidth increases from 2.8 to 3.7 to 4.5 GHz [Fig. 4(a) ]. When both ridges are biased at Fig. 3 . Spectrally resolved far fields. The bias conditions are as in Figs. 1(a)-1(c) . The top row shows sections of the CCD image. The far-field prof iles in the bottom row are taken by integration of a vertical section of the CCD image at the appropriate wavelength. 46 mA, a second resonance peak, at 7.8 GHz, is clearly visible [ Fig. 4(b) ]. This frequency corresponds closely to separation of the spectral peaks of 7.7 GHz and is therefore directly associated with the interridge coupling. However, the curve f irst drops to 23 dB at a frequency of only 3.5 GHz. Now, if we reduce the bias of the ridge that is being modulated to 45 mA and the bias of the unmodulated ridge to 34 mA, the frequency response is f lat to within 3 dB to more than 7 GHz. In this case the laser is measured to have a 23-dB bandwidth of 7.5 GHz [Fig. 4(c) ]. This occurs for a limited range of current in the unmodulated ridge; that is, if the current is reduced to 0 mA or increased to 50 mA, the response curve reverts to a shape like that in Fig. 4(a) or 4(b) , respectively. As the bias levels in Fig. 4(c) are lower than those in Fig. 4(b) , the high bandwidth is not due to the relaxation oscillation frequency but must be associated directly with the coupling resonance.
In conclusion, laterally coupled twin-ridge lasers have been fabricated, emitting at a wavelength of 1.33 mm, which have a 23-dB bandwidth of 7.5 GHz.
As the relaxation oscillation frequency shows only bandwidths up to 4.5 GHz for the bias currents presented, the bandwidth of 7.5 GHz is due to the lateral coupling between the twin stripes. The intercavity coupling manifests itself as splitting in the emission spectrum, splitting of the in-phase and out-of-phase far-f ield wavelengths, and resonance in the smallsignal modulation. For a range of bias conditions, the 23-dB bandwidth is beyond that associated with the relaxation oscillation frequency. Further samples are being fabricated that should have considerably higher resonance frequencies.
